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I discuss predictions based on the transport theoretical approach “relativistic quan-
tum molecular dynamics”. They can be tested rather soon by the upcoming exper-
iments at the Relativistic Heavy Ion Collider at BNL (RHIC). Here I focus on the
question whether hadronic observables are sensitive to the Equation of State (EOS)
in the ultradense matter. A new version of RQMD has been developed recently in
which the EOS can be varied, for instance like the one observed in lattice gauge
studies. It is found that – somewhat paradoxically – the partial transparency of
the two nuclei provides new avenues to assess the influence of baryon number in
hot matter. One of the signals which are most sensitive to the dynamics is the
directed flow of nucleons. As a function of rapidity it changes its direction three
times. Surprisingly, even one of the most simple observables – the average trans-
verse momenta or slopes – displays some significant sensitivity to the EOS in the
phase transition region between hadronic and quark matter.
1 Introduction
With experiments at the Relativistic Heavy Ion Collider at BNL (RHIC) up-
coming soon, heavy ion physics enters a new stage. It is expected that the
energy densities which may be created are favorable for the creation of so-
called quark-gluon plasma (QGP). Observation of this state and the transition
between QGP and hadronic matter is the foremost goal of the ultrarelativis-
tic heavy-ion program started more than a decade ago at CERN and at BNL
with fixed-target experiments (beam energies up to 200 AGeV). Indications
from these experiments show some clear deviations from “linear” pp and pA
extrapolations which are attributable to interactions of the strongly interact-
ing matter during its dense stages (charmonium suppression, excess dileptons,
transverse flows and strange anti-baryon enhancement) 1. In view of these
promising signals it is very important that Au(100AGeV) on Au(100AGeV)
collisions as planned at RHIC will provide the opportunity to study a system
which – initially – may be even deeper in the quark-gluon phase than at the
lower beam energies. Of course, with lack of data it is not easy to estimate the
initial energy density. From an extrapolation based on the ratio of produced
charged particle densities at midrapidity in pp and p¯p respectively (2.4:1.5) one
would expect a sixty percent increase. Such a naive scaling with dN/dy of the
elementary system is actually borne out by the calculations with the RQMD
model 2. In Fig. 1 the time evolution of energy density (together with the
1
pressure) is compared between heavy-ion reactions at SPS and at RHIC en-
Figure 1: Comparison between Au(100AGeV) on Au(100AGeV) at RHIC and
Pb(158AGeV) on Pb at SPS. The RQMD calculations were done utilizing a resonance mat-
ter EOS. Upper panel shows time evolution of pressure p (dashed-dotted line= longitudinal,
dotted line= transverse), energy density e (solid line) and entropy density s (dashed line) in
the collision center. The lower panel shows the “temperature” T extracted from the diagonal
components of the energy-momentum tensor and the particle density. It coincides with the
real temperature only after the pressure becomes isotropic and longitudinal T values (dashed
line) coincides with the transverse values (solid line).
ergy. It shows that the RHIC collisions produce the denser and hotter system.
From the lower panel of the Figure it may be read off that the thermalization
proceeds faster at RHIC (after 3fm/c versus 5fm/c for the SPS energy). The
dynamical reason for faster equilibration is that the role of the ingoing baryons
is diminished with higher beam energy. Since these are transported from the
original rapidities to midrapidity, they tend to cause stronger non-equilibrium
effects. In contrast, produced particles are locally correlated tighter in rapid-
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ity. Fig. 1 also shows that after equilibration the system stays at temperatures
above Tc ≈ 160 MeV in the center for 6 fm/c.
On the theoretical side, the “Achilles heel” of the search for the QGP and
the transition is an uncertainty what the properties of the QGP are. Smilga
among others has pointed out that the physics of the state above and close to Tc
is a theoretical “no man’s land” 3. Neither perturbative QCD nor interactions
between (quasi-)hadronic states appear justified for a description. If one can
write down no equations and give no numbers the question whether one has
actually “seen” a QGP may deteriorate into an exercise in semantics. One way
out is to resort to models of QGP and the phase transition. For instance, J/Ψ
suppression was initially predicted by Matsui and Satz as due to static color
screening between heavy quarks in the plasma 4. Lateron, J/Ψ suppression
was indeed observed in Pb(158AGeV) on Pb collisions (and before in lighter
systems). The model predicts that the χ states which are orbital excitations
feeding into J/Ψ are even more suppressed than the Ψ′ – in conflict with the
observations. Do we infer that the model fails for heavy-ion reactions or that
no QGP has been produced at CERN-SPS energies?
2 Radial and directed collective flow at RHIC
Another way out of the difficulty to find signatures of the QGP is to design
“robust” observables which do not rely on detailed assumptions. Here one class
of observables – real photons or dileptons emerging from virtual photons – can
be primarily viewed as a tool to extract the highest temperature from the
photon and dilepton spectra. Unlike hadrons, even early produced photons
leave the system without much disturbance. The other main tool to store
information from the early stages is collective transverse flow. Essentially, the
flow velocities can be represented as a time integral over the forces acting on
the matter during evolution. Close to equlibrium, these forces are determined
by the pressure gradients (and, unfortunately, some non-ideal properties of
the matter like viscosities). The pressure is a fundamental thermodynamic
quantity and shows a rather characteristic behaviour in the (phase?) transition
region between hadronic and quark matter. The EOS displays a “softest point”
leading to a minimum of the expansion velocity5. In order to infer information
on the acceleration history one needs to de-convolute the accumulated flow.
Various techniques are available such as different types of flow which have
different sensitivity to the early reaction stages (elliptical and directed versus
radial flow) 6,7 and utilizing different particle species. In particular, multi-
strange hadrons have typically smaller cross sections and thus decouple from
the system at earlier times 8,9.
3
An obvious question for collisions at RHIC energy is whether the physics
of the “softest point” is not better studied at lower energies. Presumably,
the EOS is softest at energy densities around 1 GeV/fm3. Indeed, various
questions are currently being pursued like its influence on elliptical flow or the
chemistry in AA collisions with beam energies as low as 2 AGeV. On the other
side, it is one thing to infer “softening” of the EOS from data 10. It is quite
more convincing evidence for the “phase transition” (which may in fact be just
a smooth cross-over) to observe the re-hardening of the EOS at larger energy
densities as well. From lattice results and general considerations an asymptotic
energy density – pressure relation like p ∼ e/3 is inferred, characteristic for
an ideal gas of massless quarks and gluons. How can we observe whether
the system’s evolution is partially characterized by such a hard EOS? The
flow develops as an integral over time whose characteristic scale is set by the
transverse size of the system. The hardness of the EOS at times around rtr/c is
more relevant concerning flow development than the degree of equilibration and
the resulting maximum energy densities just after impact (t ≤ 1fm/c). A look
at Fig. 1 will tell that RHIC may be in a better position than the SPS program
for studying the EOS above Tc. Typically, results of dynamical calculations
(transport or hydrodynamical) agree that there is not much sensitivity to the
re-hardening of the EOS up to the highest SPS energy 11,12. Only recently
it was suggested that perhaps the “kinky” centrality dependence of elliptical
flow may provide evidence for a valley-type structure of p/e, i.e. the softening
and re-hardening of the EOS 13. Of course, the smaller characteristic size in
semi-peripheral collisions is helpful. It is much easier to observe early-time
phenomena in small systems. Several recent studies find that elliptical flow is
a useful and measurable observable at RHIC as well 14,15,16.
Fig. 2 displays the rapidity distributions of nucleons, anti-nucleons and
pions in Au(100AGeV) on Au(100AGeV) collisions at b = 3 fm as calculated
from RQMD. According to the calculations the in-going baryons end up mostly
in-between midrapidity and the original rapidities. In RQMD and other sen-
sible models of baryon stopping the colliding nuclei become more transparent
to each other with higher beam energies. It is usually assumed that the fast
valence quarks are mere spectators in the soft reactions which are initiated
by the soft glue xF → 0. Thus leading particles obey Feynman scaling which
translates into a scaling rapidity loss distribution at high energies. For baryons
the average loss is ∆y ∼ −2 in central heavy-ion collisions. It is one of the
intriguing aspects of the baryon stopping that shift of baryon number and va-
lence quarks may not coincide. (It has not been checked for real collisions,
but in the model they do not. “Net-valence” distributions constructed from
e.g. net kaon distributions show more transparency than the net-baryon dis-
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Figure 2: RQMD result for the rapidity distribution of nucleons, anti-nucleons and pions
in Au(100AGeV) on Au(100AGeV) collisions at b = 3 fm.
tributions.) In a model like RQMD the “junction” which connects the Nc = 3
valence quarks via “strings” is an independent dynamical object 2. If all va-
lence quarks are stripped off the junction, the emerging baryon is stopped more
than the valence quarks. (There have been other talks in this meeting devoted
to the subject of baryon stopping, e.g. Huang’s talk.)
A small value of net-baryon rapidity density leads to small spatial net-
baryon densities in the central region. However, with the baryon densities
peaked off midrapidity a strong gradient of baryon density with increasing
rapidity is created. Using the idealizing equilibrium assumption, going away
from y=0 corresponds to walking to finite µB in the T -µB plane. It allows
to obtain information on the phase diagram of QCD by correlating baryon
number in different rapidity windows to observables, possibly even event-by-
event. Fig. 3 shows that the role of baryons may have striking consequences for
“radial” transverse flow (the dominating isotropic component). In the figure
the average transverse momentum of protons is shown as a function of rapidity
calculated with RQMD. The average pt of nucleons serves as an experimentally
accessible proxy for the not directly observable radial expansion. Two results
are compared, one obtained with a resonance matter EOS (p/e ∼ 6), the other
based on an EOS with 1st order phase transition13. It was calculated in a bag-
type model of quarks and gluons with temperature-dependent masses and “bag
constant” which agrees well with lattice data (small latent heat). We observe
that the flow (average transverse momentum) is larger at non-zero rapidity –
contrary to any naive ideas about “more action in the center” and observations
at fixed-target energies. At midrapidity both EOSs lead to the same hardness
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Figure 3: Average transverse momentum of nucleons as a function of y: EOS w. 1st order
phase transition (solid line), resonance gas (dashed line).
Figure 4: Average transverse momentum component of nucleons in the reaction plane as a
function of y (directed flow): EOS w. 1st order phase transition (solid line), resonance gas
(dashed line).
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of the transverse momenta. Additional hardness of the EOS in the quark-
gluon phase is canceled by the softness in the “mixed” phase compared to the
structureless resonance matter EOS. The very good agreement of resonance
gas dynamics with data as observed at SPS energy (158–200AGeV)7 may have
been accidental to some extent, by hitting just the right average pressure. At
RHIC – away from midrapidity – adding baryons destroys the balance between
additional hardness and softness increasing the total amount of flow.
Another handle on the EOS in the ultra-dense matter is provided by the
so-called directed flow (a “kick” of matter in the reaction plane which is bal-
anced by the corresponding “anti-kick” at opposite rapidity. Fig. 4 displays
the calculated average transverse momentum component of nucleons in the
reaction plane as a function of y. From fixed-target energies the S shape of
px(y) is well-known. For collider energies RQMD predicts a more complicated
structure 17. The two wings of the “S” are still present close to the projectile
and target rapidity respectively. However, the “S” is broken into two pieces.
Nucleons at more central rapidities tend to move into the opposite direction
from their fellow nucleons in the same hemisphere. The dynamical reason for
this unorthodox behaviour is the inhomogeneous transverse source distribution
of the ingoing baryons after the initial impact. The large rapidity gap between
projectile or target nucleus and central rapidity region can only be overcome
if nucleons pass through as much nuclear matter as possible. That is just the
side opposite to the spectators comoving in their direction which define the
standard S shaped configuration. Furthermore, the large gap of five units in
rapidity means that typically nucleons stay in their rapidity hemisphere even
if they are close to midrapidity. Therefore ingoing baryons find themselves on
opposite sides of the reaction zone depending on the sign of their rapidity (in
the center of mass). The subsequently developing transverse flow converts the
initial directional asymmetry in the reaction plane into a directed flow signal.
In Fig. 4 the results for the EOS with 1st order phase transition are compared
to the results with the resonance gas EOS. It becomes apparent from a com-
parison with the results for average transverse momenta that the transverse
momentum component in the reaction plane is clearly more sensitive to the
EOS. Uniformly, the directed flow is more pronounced with the QGP based
EOS which points to a larger sensitivity to the early evolution for this observ-
able.
3 Conclusions and Disclaimer
Of course, some caveats are in order about the calculations. The QGP based
EOS has been implemented in the RQMD model as p(e), i.e. baryons con-
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tribute only implicitly – via their energy. This prescription does not need to
be true. We do not know too much about the EOS of QCD at finite tem-
perature and baryon density. Basically, there are two schools of thought, one
empirically oriented and one studying simple models (NJL etc.) which resem-
ble QCD. One can constrain the baryon density dependence of the EOS from
heavy-ion reactions at beam energies down to very low values (∼1–10 AGeV,
the AGS region). This has been done in the past by many people. The debate
is not closed yet and oscillates between preference for a “hard” versus “soft”
EOS (with a remarkable come-back for the former) 18,19. A recent variation
of the “hard versus soft” debate is that perhaps the EOS is hard first but
softens with increasing baryon density 20. It should be noted that the scale
defining “softness” is very different from the baryon-number suppressed high-
energy (SPS) scale. On the low-energy (=baryon-rich) scale a resonance gas
EOS is actually ultrasoft and ruled out by plenty of data in the energy range
1–15 AGeV 21. The bottom line from HI physics is therefore that baryons
make the EOS more repulsive compared to baryon-free matter at same energy
density. An interesting consequence could be that a 1st order(-like) transition
at µB=0 is “killed” by adding baryon number. On the other side, based on
NJL-type models we expect just the opposite, an almost 2nd order transition
at µB=0 (almost because of the nonzero masses of light flavor quarks) and a
1st order transition at T=0 and finite µB. An interesting consequence would
be that the 1st order transition line ends in a tri-critical point somewhere in
the T−µB plane
22. Of course, having in mind that nuclear matter exerts more
pressure than pions it may be just the other way around. In that case a tri-
critical point would be connected to Tc at µB=0 via a 1st order transition line.
More detailed studies of this possibility are currently under way 23. Lattice
calculations are not conclusive yet about the nature of the transition at finite
T . The mass of the strange quark is the decisive factor. Yet another phase
transition at finite baryon density may be associated with a super-conducting
phase of QCD in which color symmetry is spontaneously broken 24,25. How-
ever, this phase is probably not accessible in heavy ion collisions, because they
are too hot. It has been claimed that the observed persistence of magnetic
fields in neutron stars rules out such phases and the large associated gaps even
at T=0 for nuclear densities in the range of up to 8 ρ0
26. In any case, some
clarifications of the QCD phase diagram at high T and – depending on rapidity
window – zero or nonzero µB may be within reach with the upcoming RHIC
experiments.
8
Acknowledgments
This work has been supported by DOE grant No. DE-FG02-88ER40388.
References
1. U. Heinz, hep-ph/9902424.
2. H. Sorge, Phys. Rev. C 52, 3291 (1995).
3. A.V. Smilga, hep-ph/9901225.
4. T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).
5. M. Hung and E.V. Shuryak, Phys. Rev. Lett. 75, 4003 (1995).
6. H. Sorge, Phys. Rev. Lett. 78, 2309 (1997).
7. H. Sorge, Phys. Lett. B 402, 251 (1997).
8. H. van Hecke, H. Sorge and N. Xu, Phys. Rev. Lett. 81, 5764 (1998).
9. A. Dumitru, S.A. Bass, M. Bleicher, H. Sto¨cker and W. Greiner, nucl-
th/9901046.
10. E895 Collaboration (C. Pinkenburg et al.), nucl-ex/9903010.
11. J. Sollfrank, et al, Phys. Rev. C 55, 392 (1997).
12. B.R. Schlei, D. Strottman, J.P. Sullivan, H.W. van Hecke, nucl-
th/9809070.
13. H. Sorge, nucl-th/9812057, Phys. Rev. Lett. 82, 2048 (1999).
14. B. Zhang, M. Gyulassy and C.M. Ko, nucl-th/9902016.
15. D. Teaney and E.V. Shuryak, nucl-th/9904006.
16. R.J.M. Snellings, A.M. Poskanzer and S.A. Voloshin, nucl-ex/9904003.
17. H. Sorge, R.J.M. Snellings, S.A. Voloshin, F. Wang and N. Xu,
manuscript in preparation.
18. S. Soff, S.A. Bass, M. Bleicher, H. Sto¨cker and W. Greiner, nucl-
th/9903061.
19. B.A. Li, C.M. Ko, A.T. Sustich and B. Zhang, nucl-th/9904013.
20. P. Danielewicz et al, Phys. Rev. Lett. 81, 2438 (1998).
21. S. Ahmad, B.E. Bonner, S.V. Efremov, G.S. Mutchler, E.D. Platner and
H.W. Themann, Nucl. Phys. A 636, 507 (1998).
22. M. Stephanov, K. Rajagopal and E.V. Shuryak, Phys. Rev. Lett. 81,
4816 (1998).
23. L. Grandchamp-Desraux and H. Sorge, manuscript in preparation.
24. R. Rapp, T. Scha¨fer, E.V. Shuryak and M. Velkovsky, Phys. Rev. Lett.
81, 53 (1998).
25. M. Alford, K. Rajagopal and F. Wilczek, Phys. Lett. B 422, 247 (1998).
26. S. Hsu, nucl-th/990303.
9
